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EXPIANATORY NOTE 


Between July, 1970, and April, 1972, an extensive low-cycle 
fatigue investigation of Type 347 stainless steel and Hastelloy Alloy 
X was performed at Battelle-Columbus under the sponsorship of Aerojet 
Nuclear Systems Company. The program was under the auspices of the 
NASA-Space Nuclear Systems Office, Cleveland Extension, Contract SNP-1, 
Project 187, Purchase Order 900105. Messrs. W. Emmons, H. Spaletta, 

L. Pickering, and P. Dessau of Aerojet provided technical direction 
and monitoring of the program. In addition. Aerojet documented the 
chemistry and fabrication history of the materials used, and the 
supplementary experiments in air at 538 and 871° C (1000 and 1600° F) 
were supported through a Battelle-Columbus in-honse project. 

In order to ensure that the above information would not be 
lost to the general technical community and to provide it to the 
public in a sirgle, complete document, a program was initiated at 
Battelle-Columbus in January, 1976, under the sponsorship of NASA- 
Lewi Research Center through Contract No. NAS3-20078. Dr. Gary R. 
Halford of NASA-Lewis served as the technical monitor for the progra.a. 
The purpose of this program was to prepare the following report, 
documenting the research performed previously, and distribute the 
report to appropriate members of the technical community. 
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LOW-CYCLE FATIGUE OF TYPE 347 STAINLESS STEEL AND 
HASTELLOY ALLOY X IN HYDROGEN GAS AND 
IN AIR AT ELEVATED TEMPERATURES 


Carl E. Jaske, Richard C. Rice, Richard D. Buchhelt, 
Donald B. Roach, and Theodore L, Porfilio* 

Battelle's Columbus laboratories 
SUMMARY 


An experimental investigation was conducted to assess the low-cycle fatigue 
resistance of two alloys. Type 347 stainless steel and Hastelloy Alloy X, that 
were under consideration for use In nuclear-powered rocket vehicles. Constant* 
amplitude, strain-controlled fatigue tests were conducted under compressive 
strain cycling at a constant strain rate of 10~^ sec~^ and at total axial strain 
ranges of 1.5, 3.0, and 5.0 percent. Work was carried out in both laboratory- 
air and low-pressure [108 kN/n^ (15.7 psl)], hydrogen-gas environments at tem- 
peratures from 538 to 871°C (1000 to 1600° F). 

Specimens were obtained from three heats of Type 347 stainless steel 
bar and two heats of Hastelloy Alloy X bar that had been subjected to a simu- 
lated brazing heat-treatment cycle. After characterization of chemistry, micro- 
structure, and hardness, the tensile properties of each heat were determined at 
21, 538, 649, and 760°C (70, 1000, 1200, and 1400°F). 

Using three replicates of each test condition for Type 347 stainless steel 
and four replicates for Hastelloy Alloy X, the continuous cycling fatigue resis- 
tance in hydrogen gas was determined for each heat at each of the three strain 
ranges of Interest and at temperatures of 538, 760, and 871°C (1000, 1400, and 
1600°F). Similar fatigue experiments (except with no or only limited replica- 
tion) were conducted on specimens from all five heats of material in air at 
760°C (1400°F) and on specimens from one heat of each alloy at 538 and 871°C 
(1000 and 1600°F). Also, continuous cycling fatigue experiments were conducted 
on specimens from one heat of Type 347 stainless steel in hydrogen gas at 3.0 
percent strain range at 593, 649, and 704°C (1100, 1200, and 130(]^F) and at 1.5 
percent strain range at 649°C (1200°F). 


* Formerly at Battalia -Columbus, but presently at Dialight, Brooklyn, Mew York 


Information on both cyclic s tress -s train response and fatigue life was 
developed for all of the above conditions. In hydrogen gas, the fatigue resis- 
tance of both alloys was lowest at 760^C (1400’^'F) and highest at 87l'^C (1600°F), 
with results at 538°C (lOOO'^F) falling intermediate to those at the other two 
temperatures. The supplementary experiments in hydrogen gas showed that the 
Type 347 stainless steel had a minimum fatigue resistance at 704^^0 (1300^F) riu 
was slightly lower (about 10 percent) than that at 760^C (1400^F). 

The Type 347 stainless steel exhibited equal or superior fatigue resistance 
to the Hastelloy Alloy X in hydrogen gas at all conditions of this study. The 
fatigue resistance of both materials in air was close to or slightly below that 
in hydrogen gas for temperatures up to 760°C (1400°F), but the fatigue resis- 
tance was significantly degraded in air at 871° C (1600° F) where oxidation be- 
came more severe than at lower temperatures. In air, the Type 347 stainless 
steel had slightly superior fatigue resistance to the Hastelloy Alloy X at 538 
and 76u°C (1000 and 1400°F), but it had inferior fatigue resistance at 871^C 
(1600°F). 

Exploratory, 10-minute, compressive hold-time experiments were conducted on 
specimens from one heat of each alloy in hydrogen gas at 760 and 871^C (1400 and 
1600°F). Compared with continuous cycling at comparable total axial strain 
ranges, the compressive hold times caused a small improvement in the fatigue re- 
sistance of the Type 347 stainless steel and a small degradation in the fatigue 
resistance of the Hastelloy Alloy X. The improvement of Type 347 stainless 
steel was qualitatively explained by the method of strain range partitioning* 
Also, cyclically stable (at N£/2) stress relaxation behavior was quantitatively 
characterized. 

A limited fractographic and metallographic examination was conducted on 
specimens from one heat of Type 347 stainless steel tested in hydrogen gas at 
760^C (1400^F). Both hold-time and continuous-cycling specimens had some grain 
boundary voids near the fracture. However, the size of these voids indicated 
that compressive hold time tended to either inhibit or close voids* 


INTRODUCTION 

During operation of a nuclear-powered rocket engine, some areas of the 
rocket nozzle are exposed to hydrogen gas and subjected to temperature 
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fluctuations that are of sufficient magnitude to produce large cyclic compres- 
sive strains. Since it was determined that these cyclic strains could produce 
fatigue cracks or failu*"es in less than 1,000 cycles, it was important to know 
the low-cycle fatigue resistance of the two materials. Type 347 stainless steel 
and Hastelloy Alloy X, that were being considered for use in this application. 
This program was conceived to experimentally evaluate the low-cycle fatigue 
behavior of these two alloys in both hydrogen-gas and laboratory-air environments 
at temperatures from 538 to 871°C (1000 to 1600°F). A strain rale of 10”^ sec”^ 
was selected for these studies because this was the approximate rate of straining 
anticipated in service. 

Although sheet material would be used in fabrication of nozzles, bar stock 
was selected to avoid difficulties in experimentation. Uniaxially loaded cylin- 
drical specimens are normally used for low-cycle-fatigue evaluation of metallic 
materials (for example, see ref. 1) because both strain and stress can be easily 
determined. Potential buckling under compressive straining made uniaxial 
loading of sheet material impractical for the temperature range of this study. 
Since it was not considered feasible to take cylindrical specimens irom sheet 
stock and since it was expected that bar stock would have approximately the same 
low-cycle -fatigue behavior as sheet stock, 19 inn (0.75 in.) diameter bar stock 
was selected for use in this program. Materials were obtained in the solution- 
treated condition and then subjected to a simulated brazing heat treatment before 
experimental work was performed on them. Tils brazing process was completed be- 
cause it was anticipated that fatigue-critical areas in the nozzle would be 
Joined by brazing. 

Type 347 stainless steel is one of the 300 series of chromium-nickel 
austenitic stainless steels. It is columbium/ tantalum stabilized to provide 
resistance to intergranular environmental attack and is normally used in appli- 
cations where oxidation, corrosion, and heat resistance are required at tempera- 
tures up to 816° C (1500°F). Its use at this high temperature is limited to 
cases where low strength is acceptable, as in the present case of thermally in- 
duced cyclic straining. Hastelloy Alloy X is an austenitic nickel-base super- 
alloy used in components that require oxidation resistance up to 1204°C (2200°F). 
In contrast to the Type 347 stainless steel, it has relatively high strength 
above 816°C (1500°F). However, such strength is usually more important for 
creep/rupture and for long-life fatigue resistance than for low-cycle (high- 
strain) fatigue resistance. 
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No relevant data were available on the fatigue behavior of these alloys in 
hydrogen gas. Baldwin, et al (ref . 2), conducted an extensive lov-cycle fatigue 
study of Type 347 stainless steel in air at temperatures up to 600°C (1112^F) 
and at total axial strain ranges of less than 2 percent. An extensive review 
of available low-cycle fatigue data on three comparable austenitic alloys (Types 
304 and 316 stainless steel and Alloy 800 in air at ^-mperatures up to 816^C 
(1500°F) was conducted by Jaske. et al (ref. 3). The review included an exten- 
sive collection of low-cycle faLigue information on Types 304, 316, and 348 
stainless steels in air at 427, 649, and 816°C (800, 1200, and 1500°F) from the 
work of Berling and Slot (ref. 4). A limited low-cyclc fatigue study of 
Hastelloy Alloy X in argon gas at 427, 704, 816, and 982^C (800, 1300, 1500, and 
ISOO^^F) was performed by Carden and Slade (ref. 5). Low-cycle fatigue data on 
Hastelloy Alloy X in air at 21 and 649^C (70 and 1200°F) were also recently 
reported (ref. 6). 

This work was conducted using the U. S. customary system of units. Conver- 
sion to the International System of Units (SI) was made for reporting purposes 
only. 

SYMBOLS 

A optimized constant in stress relaxation equation 

area of specimen at temperature, mm® (in.®) 
minimum specimen diameter at temperature, mm (in.) 

E modulus of elasticity, GN/m® (ksi) 

K compliance constant, IT^ (Ib^^ ) 

M optimized constant in stress relaxation equation 

No number of cycles to detectable cracking 

Ns number of cycles to significant cracking 

N£ number of cycles to total fracture 

P load on speciii^n, N (lb) 

AP load range, N (lb) 
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^de 

Ae 


cc 


Ae 


de 


Ae. 


Ae 


ed 


Ae 


Ae 


in 


Ae 


pc 


Ae 


PP 


Ae. 


in 

a 

Aa 

Aa/2 


instantaneous time, min 
compression strain hold time, min 
diametral strain 

elastic component of diametral strain 
total axial strain rate, sec'^ 
reversed creep strain range 

change in elastic component of diametral strain 
elastic strain range 

elastic strain range under decreasing load 
elastic strain range under increasing load 
inelastic strain range 

plastic strain range reversed by creep strain 

reversed plastic strain range 

total axial strain range 

Poisson's ratio, elastic 

Poisson's ratio, inelastic 

stress, MN/m® (ksi) 

initial stress value 

stress range, MN/m^ (ksi) 

stress relaxation during hold, MN/m? (ksi) 

stress amplitude, MN/o? (ksi) 

MATERIALS 


Three heats of Type 347 stainless steel and two heats of Hastelloy Alloy X 
were evaluated in this study. Both alloys were supplied by the Aerojet Nuclear 
Systems Company (ANSC) in the form of 19 mm (0.75 in.) diameter bar stock in the 
amounts listed in table I. As indicated, all bar stock was originally obtained 
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by ANSC from three different suppliers. Tlie specimen letter prefix which was 
assigned to each heat and the applicable Aerospace Material Specification (AMS) 
number are also listed. 


Heat Treauaent 

All 5 heats of material were originally obtained in the annealed condition. 
However, examination of the hardness and tensile properties of the Type 347 
stainless steel Indicated that it had undergone about 5 to 10 percent of cold 
working. 

Since these alloys were being evaluated for possible use in nozzles of 
nuclear-powered rocket vehicles, they were subjected to a heat treatment that 
simulated the brazing operations to be used in fabrication of such nozzles. 
Before shipment of the bar stock to Bat telle -Columbus, it was given the follow- 
ing simulated brazing heat treatment by Pyromet Industries: 

(1) Heat to 1010°C (1850°F) at a rate of 83 to 111°C (150 to 200°F) 
per hour. Furnace cool to 538°C (1000°F); then air cool to 
room temperature. 

(2) Reheat to 982®C (1800°F) at a rate of 83 to 111°C (150 to 
200°F) per hour. Furnace cool to 538°C (1000°F); then air 
cool to room temperature. 

(3) Reheat to 968°C (1775°F) at a rate of 83 to 111°C (150 to 
200'*F) per hour. Furnace cool to 538°C (lOOO^F), t i finally 
air cool to room temperature. 

None of the heats of material were soaked while at the peak heat treatment tern* 
peratures. Elapsed time for the three-step brazing cycle was approximately 30 
hours . 


Chemistry 

The chemical compositions of the 5 heats of material were reported by ANSC 
as listed in table II and comparatively Illustrated In figure 1. Values from 
the appropriate AMS specifications are also listed and shown. Compositions of 
heats B, C, D, and E fell within the specified values. The phosphorous and 
sulfur contents of heat A were slightly above the specified maximum levels, even 
though all other elements were within the specified levels. However, the 
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phosphorous and sulfur levels of heal A were witliin AMS 5512D specifications (P 
< 0.040 wt % and S < 0.030 wt covering sheet material. Since nozzles would 
be fabricated from sheet material and bar stock was evaluated to avoid experi- 
mental difficulties as discussed earlier, these levels were considered accept- 
able. Also, the nickel contents of heats A, B, and C were below the maximum 
level of 12.00 wt \ specified for sheet in AMS 5512D (in contrast to the maximum 
levels of 13.00 wt \ specified for bar in AMS 5654A). The specified chemical 
couipooilioii ul nasLeiioy Alluy A sneet In AMS !>53bG is the same as that for bar 
in AMS 5754F. 


Microstructure 

Photomicrographs of typical microstructures (after heat treatment) for all 5 
heats of material are presented in figures 2 through 6. These were obtained from 
both longitudinal and transverse samples of each heat. The Type 347 stainless 
steel was etched with 30HC1, IOHNO3 solution, and the Hastelloy Alloy X was etched 
with aquaregia solution. Both alloys had a relatively fine grain size for bar 
stock to simulate that usually found in sheet material. 

Grain sizes of the T 3 rpe 347 stainless steel samples were estimated using a 
comparison procedure in accordance with ASTM Designation E-112 (see table III). 

For all three heats, the longitudinal grain size was slightly smaller than the 
transverse. Heats B and C had the same grain size, and heat A had a slightly 
smaller grain size* 

Grain sizes of the Hastelloy Alloy X samples were estimated using both a 
comparison procedure (as was the T 3 rpe 347 stainless steel) and an Intercept 
procedure in accordance with the previously mentioned standard (see table III). 
Because of the presence of some rather small grains, the estimates made by the 
comparison procedure tended to overestimate the grain size. Thus, the estimates 
determined by the Intercept method were probably more indicative of the actual 
average grain size* For the Hastelloy Alloy X, there was no significant varla* 
tlon In grain size as either a function of heat or orientation. 

Hardness 

Hardness measurements were made by ANSC before heat treatment and by 
Battelle-Columbus after heat treatment as summarized In table IV. The heat 
treatment caused a reduction In hardness of the Type 347 stainless steel and 
10 
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Figure 2. —Microstructure of heat A (X-11585) of Type 
347 stainless steel after simulated brazing (samples 
etched with 30HC1, lOHNOa solution). 
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Figure 3. -Microstructure of heat B (G-5617) of Type 
347 stainless steel after simulated brazing (samples 
etched with 30HC1, lOHNQi solution). 

REPHi/i rr 
original 1 


« 


i V op Til 
. io PUOK 





Si . - 

250X If’OSS 


(a) Longitudinal 



• II- - ' • 

250X 1F054 


(b) Transverse 


Figure 4. ” Microstructure of heat C (G-4943) of Type 
347 stainless steel after simulated brazing 
(samples etched with 30HC1, lOHNO® solution). 
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Figure 5. — Mlcroatructure of heat D (2610-0-4007) of 
Hastelloy Alloy X after simulated braalng (samples 
etched with aquaregia solution). 
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Figure 6, — Mlcroatructure of heat E (2610-0-4008) of 
Hastelloy Alloy X after simulated brazing (samples 
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TABLE III, - ESTIMATED GRAIN SIZES AFTER HEAT TREATMENT® 


Specimen 

ASTM grain size number ^ 

letter 

1 By comparison procedure 

By intercept 

procedure 

prefix 

Longitudinal 

Transverse 

Longitudinal 

1 Transverse 


Type 

347 stainless 

steel 


A 

7.5 

7 

-- 

-- 

B 

8.5 

8 

-- 

-- 

C 

8.5 

8 

-- 

-- 

Hastello> alloy X 

D 

6 to 6.5 

6 to 6. 5 

7.3 

7.6 

E 

6 to 6.5 

6 to 6. 5 

7,9 

7.1 


® In accordance with ASTM Designation: E-112. 


TABLE IV. - HARDNESS VALUES 


Specimen 

letter 

prefix 

0 

Hardness numbers 

Before heat treatment^ 

After heat treatment 

Type 347 stainless steel 

A 

187 BHN 

143 BHN 

B 

222 BHN 

188 BHN 

C 

231 BHN 

149 BHN 

Hastelloy alloy X 

D 

87 Rg 

93 Rg 

E 

85 Rg 

94 Rg 


BHN Indicates standard Brinell hardness number and 
indicates Rockwell B hardness number. 

Measured by ANSC. 
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an Increase in hardness of the HasCelloy Alloy X. The values for Type 347 stain- 
less steel before heat treatment fell within the range of 170 to 255 Brinell 
hardness specified for bar stock up to 19.05 mm (0.75 in.) diameter in AMS 5654A, 
but they were below this range for heats A and C after heat treatment. However, 
they were still above the minimum Brinell hardness of 140 specified for bar 
greater than 19.05 mn (0.75 in.) diameter. The values of hardness for Hastelloy 
Alloy X, both before and after heat treatment, are below the maximum value of 100 
Rockwell B (241 Brinell) specified in AMS 5754F. The observed order of magni- 
tude increase in hardness is expected when this alloy is aged at elevated tem- 
peratures. 


EXPERIMENTAL PROCEDURES 

Experimental tasks included specimen preparation, tensile testing in an air 
environment, and fatigue testing in both hydrogen-gas and air environments. 

Most fatigue experiments were under continuous cycling conditions; however, a 
few were performed with compressive strain hold times. Details regarding each 
of these three areas are described in the following subsections. 

Specimen Preparation 

Tensile specimens were machined to the configuration shown in figure 7(a) 
and fatigue specimens were machined to the configuration shown in figure 7(b). 

The test section of each fatigue specimen was polished with successively finer 
grades of silicon carbide paper to produce a surface finish of 0.41 pm (16 pin.) 
rms or better, with finishing marks parallel to the longitudinal axis of the 
specimen. All specimens were penetrant Inspected In accordance with MIL-I-6866, 
Type I, Method B. 

After completing all machining operations, the specimens were degreased 
with trlchlorethylene, followed by reagent acetone. Immediately prior to Instal- 
lation In the test system, the specimens were recleaned with a reagent grade 
acetone. 


•ft/ 
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Gage length 


(a) Tensile specimen 



(b) Fatigue specimen 
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Figure 7* — Specimen configurations. 







'ensile Testing Apparatus 


( 


All of the tensile tests were conducted at a constant strain rate of 0.005 
min"^ using a standard hydraulic universal testing machine. Specimens were 
brought up to and held at temperature by an electrical-resistance heating fur- 
nace. Room- temperature tests were conducted in accordance with the methods 
described in ASTM Designation: E8, and elevated-temperature tests were per- 
formed in accordance with the procedures of ASTM Designation: E21. 

Fatigue Testing Apparatus 

For the fatigue experiments, axial load was applied to the specimen using 
a servocontrolled, electrohydraulic system operated in closed-loop axial strain 
control (see fig. 8). Diametral changes in the specimen were measured with a 
special extensometer and load was measured with a strain-gaged load cell in 
series with the specimens. Diametral strain and load signals were combined and 
converted to an equivalent axial strain signal using an analog computer (ref. 7). 

The extensumeter consisted of adjustable sensing arms of high-purity alumi- 
na connected to a bracket made with two parallel beams joined by a flexible lig- 
ament that acted as an elastic hinge. Diameter changes were mechanically multi- 
plied by a factor of three before they were measured at the other end of the 
extensometer by a sensitive and magnetically shielded linear variable differ- 
ential transformer (LVDT). The transformer and armature of the LVDT were mounted 
on opposite beams and the position of the armature relative to the transformer 
was adjusted after each test specimen was brought to the desired temperature. 

The output signal obtained from the LVDT was proportional to the diameter change 
in the specimen. 

Specimens were heated by high-frequency induction, and temperature was con- 
trolled with a standard proportional -t 3 rpe power controller. The geonietry of the 
heating coil was designed to minimize temperature gradients in the test section. 

A specimen instrumented with several thermocouples along the central 12.7 mm 
(0.50 in.) portion was used to verify this design. Three Chrome 1-Alumel thermo- 
couples were spot-welded to the surface in the gage section of each specimen. 

Two of the thermocouples were 4.76 mm (0.188 in.) on one side of the minimum di- 
ameter. One of the first two thermocouples provided the feedback signal to the 
controller. The other two were used to make minor adjustments in the coil 

position and obtain a uniform temperature profile along the specimen. 
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Specimens were gripped using a fixture arrangement similar to that described 
by Feltner and Mitchell (ref. 8). The lower end of the specimen was threaded 
Into an adapter attached to the load cell which was. In turn, attached to the 
hydraulic actuator. The upper end of the specimen was attached to the loadframe 
crosshead through a Wood’s metal type liquid-solid grip (ref. 9). Both the 
upper and lower adapters were continuously water cooled to avoid overheating of 
the fixtures. 

Continuous Strain-Controlled Cycling.— For the continuous cycling experi- 
ments, the computed axial strains (from the analog computer) were progransaed to 
follow a fully compressive triangular waveform [see fig. 9(a)] with a constant 
axial strain rata of 10'^ sec~^. Because of large Inelastic deformation In the 
two alloys at the total strain ranges and temperatures used In this study, the 
corresponding stress cycles were essentially fully reversed as Illustrated In 
figure 9(b). Calibration of the equipment was In accordance with MIL-C-45662. 

During each fatigue test, load was continuously recorded using a time-base 
strip chart recorder. These records were used to obtain hardening behavior and 
Information on when cracking occurred just prior to specimen failure. Load- 
axial strain hysteresis loops (e.g., see fig. 10) were periodically recorded 
during each test using an X-Y recorder. These loops were used to ootaln values 
of total. Inelastic, and elastic strain range. For a symmetrical continuous 
cycle, the value of = 0 and = ^®ed* 

Compressive Hold-Time Strain Cycling. - The same equipment was used for the 
compressive hold-time experiments as was used for the continuous cycling ones, 
except for the addition of timers which were used to closely control the time 
Intervals during which the desired strain levels were maintained. The timers 
were calibrated with a stop watch and had a repeat accuracy of 0.2 percent or 
± 7.2 seconds. 

The cyclic compressive axial strain waveform with compressive hold times 
Is Illustrated in figure 11(a), and the corresponding stress response for the 
alloy-temperature-strain range conditions of this study is shown in figure 11(b). 

As also indicated in figure 11(b), such a hold time at elevated temperature will 
result in appreciable compressive stress relaxation as a direct result of inelastic 
flow. The effect of this inelastic flow on stress-strain response is i lustrated 
in figure 10. 
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Hydrogen Gas Envi ronment ,~ The high-purity hydrogen gas environment was ob- 
tained by use of a palladium alloy diffusion process. Commercial high-purity 
hydrogen (better than 99.95 percent) was supplied to a palladium catalyst puri- 
fier (Englehard Industries, Model HPD 20-150) which was capable of delivering 
0.56 cubic meter? (20 cubic feet) per hour of ultrapure hydrogen (i.e., the ex- 
tent to which contaminants are present in the gas is not measurable by any known 
means of detection). The test chamber, as shown in figure 12, was constructed 
of acrylic plastic sheet. It was sealed at the lower specimen grip by an 
ring arrangement and sealed at the upper grip by a bellows. The chamber was 
first purged for 20 to 30 minutes with nitrogen. The high-purity hydrogen was 
then permitted to flow into the purged environment for approximately the same 
period of time before the induction heating of the specimen began. A flow of 
between 0.14 and 0.28 cubic meters (5 and 10 cubic feet) per hour was maintained 
throughout the experiment, which amounted to roughly 8 to 16 volume changes of 
the hydrogen environment per hour. A gage pressure of at least 6.9 kN/m^ (1 
psi) was maintained inside the chamber, and the gas which egressed from the 
chamber was burnt at a remote point. 

Laboratory Air Environment.— The air within the laboratory was maintained at 
20 + 1°C (70 + 2^F) and at 50 + ^ percent relative humidity. When tests were 
conducted in air, the chamber described above was not used and the specimens 
were heated by the same induction heating method. 

Fatigue Data Acquisition 

Since an hourglass -type specimen [previously shown in fig. 7(b)] was used 
for the fatigue experiments, it was necessary to measure diametral rather than 
axial strain. Because axial strain was the desired control variable, the di- 
ametral strain was converted to axial strain; this was done by determining the 
elastic and plastic components of diametral strain and relating them to the 
same components of axial strain, which could then be summed to give total axial 
strain. The equations necessary for computations of axial strain and j ana- 
log circuits required for such computations have been described in detail by 
Slot, et al (ref. 7). 
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To complete the computations, electric analogs of diametral strain and 
applied load were supplied as inputs, and the values of elastic Poisson*s ratio 
and the specimen compliance constant were programmed in the computer. The in- 
elastic Poisson’s ratio was assumed to be constant at a value of 0.5 (assuming 
constant-volume, inelastic deformation of an isotropic material). 

The value of elastic Poisson’s ratio was determined in the laboratory for 
each specimen. This was done by placing the specimen in the test fixture, 
applying the desired temperature and environment, and then cycling the specimen 
briefly in load control under low loads within the range of elastic material re- 
sponse. While the specimen was being cycled in this manner, the analog speci- 
men compliance was adjusted to reduce the apparent plastic strain to zero. The 
elastic Poisson’s ratio was then determined from the equation 


AP 


( 1 ) 


where the values of and AP were determined from the slope of the load versus 

diametral extension X-Y plot recorded during load cycling. The modulus of elas- 
ticity values at temperatures up to 760°C ( 1400^F) were taken from data tabulated 
later in this report. Values of E used for the tests at Syi'^C (1600^F) were 134 
GN/m^ (19.5 X ICp ksi) for Hastelloy Alloy X and 128 GN/n^ (18.6 x lof^ ksi) for 
Type 347 stainless steel. These values were taken from reference 10. 

Values of the cyclically stable elastic and inelastic strain range were 
obtained from the stable load versus axial extension hysteresis loops (see 
figs. 13 through 15) near half the fatigue life (N^/2). Strain values were 
calculated by dividing the appropriate value of the extension by the gage length 
(minimum specimen diameter at the test temperature). Figures 13 through 15 show 
representative hysteresis loops for the materials used in the program. The 
hysteresis loops shown for the beginning of the test illustrate the tendency of 
the material to harden due to cyclic straining. The other loops shown are typi- 
cal of a stable hysteresis loop (or as near to stability as possible) for the 
corresponding conditions and material. 

In addition to the recording of the load versus axial extension behavior, 
continuous cyclic load-time histories were recorded for every test. Repre- 
sentative samples of the load histories during the early cycles are presented in 
figures 16 through 18. These strip charts correspond to the displayed hystere- 
sis loops described above. Examination of these charts reveals the materials' 
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Figure 14. - Load-axial displacement hysteresis loops for Type 
stainless steel and Hastelloy Alloy X at 760°C (1400°F). 



Figure 15 Load-axial displacement hysteresis loops for Type 347 
stainless steol and Hastelloy Alloy X at 87r"C (1600' F) . 
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changing resistance to load as a function of strain cycles. The value of the 
stress at stability was determined from the load-time histories by reading the 
value of the load at N^/2 and then dividing this value by the area of the speci- 
men at the test temperature. 

The load versus time histories were also used to determine the fatigue life 
of each specimen as defined by the following terms: 

No = number of cycles where tension load started to drop off 
just before complete fracture occurred 
* number of cycles where tension load dropped off 5 percent 
just before complete fracture occurred 
= number of cycles to complete fracture. 

EXPERIMENTAL RESULTS AND DISCUSSION 


The experimental results developed in this program fell into four areas ~ 

(1) tensile properties in air, (2) cyclic stress-strain response in air and hy- 

drogen gas, (3) fatigue resistance in air and hydrogen gas, and (4) fracto- 
graphic and limited raetallographic studies of Type 347 stainless steel fatigue- 
cycled in hydrogen gas at 760^C The tensile properties [area (1)] of 

all 5 heats of material were determined at 21, 538, 649, and 760°C (70, 1000, 
1200, and 1400 Pf). Cyclic stress-strain response and fatigue resistance [areas 

(2) and (3)] were evaluated for all 5 heats in both hydrogen gas and air under 
continuous cycling at total axial strain ranges of about 1.5, 3, and 5 percent 
and at temperatures of 538, 760, and 871°C (1000; 1400, and 1600°F). Additional 
continuous cycling experiments were conducted on heat A of Type 347 stainless 
steel in hydrogen gas at temperatures of 593, 649, and 704°C (1100, 1200, and 
1300®F) with a total axial strain range of about 3 percent and at 649^C (1200^F) 
with a total axial strain range of about 1.5 percent. Fatigue experiments at a 
total strain range of about 3 percent and with 10-minute compressive hold periods 
were performed on heat A of Type 347 stainless steel and on heat D of Hastelloy 
Alloy X in hydrogen gas at 760 and 871°C (1400 and 1600° F). The same type of 
hold-tx: ^ experiments were also conducted on heat A at total axial strain ranges 
of about 1.5 and 5 percent at 760°C (1400°F)« Comparative fractographic studies 
were made of specimens from heat A continuous cycling (no«hold) versus hold- time 
experiments at total axial strain ranges of about 1*5, 3.0, and 5.0 percent in 
hydrogen gas at 760°C (1400°F)« One specimen from each type of experiment at 
1,5 percent strain range was then metallographically examined. Each of the four 
above areas are discussed separately in the ensuing subsections of this report. 
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Tensile Properties 

The room- and elevated-temperature nsile properties determined in this 
program are presented in tables V and VI. Table V contains data obtained from 
the Type 347 stainless steel specimens; at room temperature, data were obtained 
both before and after heat treatment as listed. Table VI presents data from 
tests of Hastelloy Alloy X; data before and after heat treatment were obtained 
at both room temperature and 649° C (1200°F), The tables are arranged to show 
the results of each test and an average value for all the tests at a given 
temperature. An overall comparison of the effect of temperature on the tensile 
properties of Type 347 stainless steel and Hastelloy Alloy X is shown in figure 19. 

As can be seen from table V and from figure 19(a), the heat treatment sig- 
nificantly lowered the room temperature yield strength of the Type 347 stainless 
steel. Also, it slightly lowered the ultimate strength and slightly increased 
the reduction of area. These trends indicate that prior cold work was annealed 
out during heat treatment. As seen from table VI and figure 19(a), the heat 
treatment had little effect on room temperature tensile strength of Hastelloy 
Alloy X. However, at 649° C (1200°F), the ultimate strength was lowered by the 
heat treatment, although yield strength was unaffected. In general, the ultimate 
and yield strength values after heat treatment were close to or just slightly 
lower than normally expected for both alloys. The lower values were related to 
the fact that the alloys were subjected to the simulated brazing heat treatment. 

The influence of temperature on the above-mentioned strength properties was 
close to that usually seen for these alloys. 

The fracture ductility (as measured by both elongation and reduction of 
area) of both alloys was close to the typical values at room temperature [see 
fig. 19(b)]. At 538° C (1000°F), the ductility of Type 347 stainless steel 
dropped slightly below the value recorded for room temperature; at 649°C (1200°F), 
it was about the same as the value at room temperature; and nt 760° C (1400° F), it 
was a little higher than normal for this alloy. The Hastelloy Alloy X had much 
higher than normal ductility at 649° and 760°C (1200° and 1400°F), while its 
ductility at 538°C (1000°F) was similar to that at room temperature. This high 
fracture ductility was related to the heat treatment. The typical values in 
figure 19(b) are for solution-treated material. It is normally expected that 
aging by exposure at elevated temperatures, such as done in the simulated brazing 
operation, will improve the high-temperature tensile ductility of Hastelloy Alloy 
X (ref. 6). Also, note that the heat treatment increased tensile ductility at 
649°C (1200° F). 
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TABLE V. — TENSILE PROPERTIES OF TYPE 347 STAINLESS STEEL AT A STRAIN RATE OF 0.005 MIN” 
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TABLE VI. - TENSILE PROPERTIES OF HASTELLOY ALLOY X AT A STRAIN RATE OF 0.005 MIN“‘ 
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Reported by Tackett (ref. 6). 
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(a) Streagth properties. 
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(b) Ductility properties. 

Figure 19. ~ Effect of temperatures on average material proper* 
ties of Type 347 stainless steel and Hastelloy Alloy X. 

* Data from ref. 10 (Vol. II., p 264). 

** Data from ref. 10 (Vol. I-A, p 191). 
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Stress-strain curves from the tensile tests are presented in figures 20 and 
21, All curves, except those for Hastelloy Alloy X at 538*^C (lOOO^F) [see figure 
21(b)] and Type 347 stainless steel at 538° and 649°C (1000° and 1200°F) [see 
figures 20(b) and 20(c)], are average curves for the conditions indicated. The 
tensile stress-strain curves were combined where duplicate tests of the same heat 
exhibited little variation. For Type 347 stainless steel at 649°C (1200^F), the 
curves [see figure 20(c)] were not combined because at this temperature tensile 
tests were not duplicated within each heat. Both materials exhibited some in- 
stability in stress-strain response at 538°C (lOOC'^F). This instability is de- 
fined as large decreases and increases in stress for small increases in strain 
in the inelastic deformation regime of the material (serrated flow). The 538^C 
(1000°F) curve for Hastelloy Alloy X [see figure 21(b)] was from one specimen 
to show this type of stress-strain behavior. Both specimens (DT9 and DTll) 
gave similar curves until yielding started to occur. Figure 20(b) shows the 
same type of material instability for Type 347 stainless steel (the curves from 
all three of the specimens — AT13, BT15, and CT17 ~ are shown because they dif- 
fered too much to be combined). 

Cyclic Stress-Strain Response 

The stress response of Type 347 stainless steel and Hastelloy Alloy X was 
evaluated at temperatures ranging from 538’^C (lOOO^F) to 871^C (1600^F) under 
both continuous strain cycling and strain cycling with lO-minute compressive 
hold times. The majority of experiments were conducted in a purified hydrogen 
gas environment, but a selected number of specimens were also evaluated in a 
laboratory air environment. 

Continuous Cycling .-Figures 22 through 24 illustrate representative stress 
amplitude material response for continuous cycling tests conducted in hydrogen 
gas. Figures 22(a) and (b) show the substantial cyclic hardening which occurred 
for Type 347 stainless steel and Hastelloy Alloy X, respectively, at 538^C 
(lOOO^F). At this temperature, both materials hardened regardless of strain 
range; however, Hastelloy Alloy X hardened considerably more than Type 347 
stainless steel. 
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Figure 21. — Monotonic stress-strain curves for Hastelloy Alloy X. 
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(b) HasCelloy Alloy X. 

Figure 23, "" Stress amplitude versus fatigue cycles for Type 347 stain- 
less steel and Hastelloy Alloy X in hydrogen gas at 760°C (1400®F), 
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Figure 24. — Stress amplitude versus fatigue cycles for Type 347 stain- 
less steel and Hastellov Allov X in hydrogen gas at 871 C (1600^F). 


Stress Amplitude, A<r/2, ksi Stress Amplitude, Ao/2, ksi 



At 760°C (1400^F), as shown in figures 23(a) and 23(b), the str?inless steel 
showed only a slight tendency to cyclically harden, while Hastelloy Alloy X still 
cyclically hardened. Figure 23(a) also shows that Hastelloy Alloy X hardened 
very rapidly at the 5.0 percent total axial strain range, but very gradually at 
the 1.5 percent strain range. 

Figures 24(a) and 24(b) show fhat neither material cyclically hardened at 
871^C (1600°F). The Type 347 stainless steel displayed relatively constant 
stress response at the 1.5 and 3.0 percent strain ranges; however, at the 5.0 
percent axial strain level, the material cyclically softened. Hastelloy Alloy 
X displayed almost constant stress response for this temperature at all three 
strain ranges. 

The overall effect of temperature on the continuous cycling stress response 
of Type 347 stainless steel and Hastelloy Alloy X for the intermediate total 
axial strain range of 3.0 percent Is shown In figures 25(a) and (b). Experi- 
ments completed at six temperatures ranging from 538'^C (lOOO^F) to 871^C (1600°F) 
are shown for the Type 347 stainless steel material in figure 25(a). A contlnuou 
decline In the amount of cyclic hardening and maximum stable stress was apparent 
for Increasing temperatures. The same general behavior also evident for the 
Hastelloy Alloy X In figure 25(b) over the same temperature range. In general, 
the maximum stable stress for both materials at 538°C (lOOO^F) was about 3 to 4 
times that observed at 871^C (1600°F) “ regardless of the strain range. 

A comparison between the monotonlc and cyclic stress response of both mate- 
rials In hydrogen gas Is given In Figure 26. All continuous cycling data gen- 
erated In the hydrogen gas environment are shown In this figure to demonstrate 
the relative uniformity In stress response for particular conditions and also to 
demonstrate the difference In stress response between the Type 347 stainless 
steel and the Hastelloy Alloy X at the Investigated temperatures. 

The stress response of both materials tested In air at 538^, 760°, and 871° C 
(1000°, 1400°, and 1600°F) is shown in figure 27. Again, the curves presented 
for each condition are typical of generally observed material response. The 
amount of cycling hardening In air of both materials at each temperature was 
similar to that observed In the hydrogen gas environment. In most cases, how- 
ever, the peak stress level was attained In somewhat fewer cycles and the ulti- 
mate cycles to failure were correspondingly less. Figure 28 displays all con- 
tinuous cycling stress response data generated In air for both materials. 
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Figure 25. ““ Kffect of temperature on stress response In hydro- 
gen gas and at a total axial strain range of 3 percent. 
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Figure 27. ~ Stress amplitude versus fatigue cycles for Type 347 stainless 
steel and Hastelloy Alloy X in air 
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Figure 28. -Monotonic and stabilized cyclic (at Nf/2) stress response of Type 347 
stainless steel and Hastelloy Alloy X in air. 
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The fatigue behavior of Type 347 stainless steel and Hastelloy Alloy X in 
the hydrogen gas and laboratory air environments will be discussed further in 
the next major section. 


Compressive hold times . --In addition to the continuous cycling experiments, 
a series of elevated -temperature, compressive-strain, hold-time experiments were 
conducted. Ten-minute hold times at peak compressive strains were employed on a 
limited number of specimens tested at 760^C (1400^F) and 871°C (1600°F). All 
but two of the specimens tested were from heat A of Type 347 stainless steel. 

Examples of the cyclically stable stress relaxation characteristics of both 
materials are shown in figures 29 through 31. Figure 29 illustrates typical 
stress relaxation response at 760*^0 (1400^F) for Type 347 stainless steel speci- 
mens cycled at total axial strain ranges of 1.5, 3.0, and 5.0 percent. Figure 
30 presents additional relaxation data on T3rpe 347 stainless steel at 871^C 
(1600^F), while figure 31 shows results of both stress relaxation experiments 
on the Hastelloy Alloy X material. Some scatter in relaxation response is 
evident, especially for those specimens tested at the highest strain range. 

Comparison of figure 29(b) with figure 30 and comparison of figure 31(a) 
with figure 31(b) provides an illustration of the effect of temperature on the 
cyclically stable stress relaxation behavior of Type 347 stainless steel and 
Hastelloy Alloy X, respectively. These figures show relaxation data for tests 
conducted with a 10-minute hold period at 3.0 percent compressive axial strain. 
The difference in relaxation response between 760°C (1400°F) and 871°C (1600°F) 
was substantial for both materials, but it was especially pronounced with the 
Hastelloy Alloy X where compressive stresses reduced rapidly to near zero at 
the 871°C (1600° F) temperature. 

The curves drawn in figures 29 through 31 represent best-fit lines for the 
following analytical expression (ref. 11): 


Jin 




l+M 


1+M 


where a * Initial stress value 
0 

a * instantaneous stress 
t " instantaneous time (in minutes), and 

A,M * optimized constants. 


( 2 ) 








50 



Compressive Stress, MN/m Compressive Stress, MN/m Compressive Stress, MN/m 





Compressive Stress, 




)U 



sure 30 . -- Kelaxaaon^stx^^^^^^^ 
hydrogen gas a 
of 3 percent. 


347 stainless steel 
axial strain range 


in 



52 


Compressive Stress, ksi 



,nd at a total 




To find the optimum values of A and M for each collection of data, a least-squares 
regression was performed on a transformation of Equation (2), which was written as 
follows ; 



^ \ / A \ 

= log (i+mJ + (1+M) log t 


(3) 


Since Equation (3) was a linear expression, it was straightforward to find the 
equation coefficients and the associated values of A and M, The resultant fit 
of the curve to the data was gool where the scatter was small, and only fair in 
cases where substantial data scatter was present. A suminary of the stress-relaxa- 
tion data and optimized constants for Equation (2) are given in table VII. In- 
dividual data for each stress-relaxation experiment are listed in Appendix A. 


Fatigue Resistance 

All fatigue specimens evaluated in this program were cycled to failure under 
axial-strain control at a constant strain rate of 10"^ sec“^ . As mentioned previ- 
ously, these experiments included laboratory air and hydrogen gas environments in 
the 538° to 871°C (1000° to 1600°F) temperature range and both continuous cycling 
and compressive strain hold times. The observed fatigue life trends for all 
continuous cycling experiments are discussed in the following paragraphs, followed 
by a similar and comparative discussion of the hold- time fatigue-life results. 

Continuous cycling in air and hydrogen gas . —The results of all Type 347 
stainless steel and Hastelloy Alloy X continuous cycling fatigue experiments are 
presented in the summary tables and figures of this section. The figures in- 
clude plots of the number of cycles to failure versus total, inelastic , and 
elastic strain range for specific environments, temperatures^ and/or lots of 
material. In addition, individual tabular data for specific axial strain 
ranges are presented in Appendix B. These tabulated data are arranged according 
to fatigue life, with the shortest specimen life listed first, so that a com- 
parison can be made between the fatigue performance of specific material lots. 

Each table in Appendix B also includes tabulated values of total, inelastic, 
and elastic strain range; stress range; and fatigue life (using the 3 fatigue 
failure criteria previously defined). 
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The continuous cycling data generated in laboratory air for Type 347 stain- 
less steel and Hastelloy Alloy X are presented in figure 32, and tables B1 and B2 
of Appendix B contain the corresponding tabular data. 

The laboratory air data generated at 538'^C (lOOO'^f) are shown in figure 32(a). 
Similar data generated at 760' and 871^C (1400' and IbOO^F) are illustrated 
in figures 32(b) and 32(c), respectively. Each plot contains data for both mate- 
rials at strain ranges of about 1.5, 3.0, and 5.0 percent; the Type 347 stainless 
steel data are indicated by solid points and the Hastelloy Alloy X data are shown 
as open points. 

It was found that the inelastic strain range fatigue curves in figure 32 
could be approximated by the Manson-Cof f in relation, 

Ae, = an/ 

in f 

and that the elastic strain range fatigue curves could be approximated by the 
Basquin- type relation, 

Ae = BN,*^ 
e f 

Values of the exponents and coefficients in these two expressions were determined 
graphically and are summarized in table VIII, 

The overall trends of fatigue life versus temperature for both materials 
tested in laboratory air are shown in figure 33. The Type 347 stainless steel 
displayed higher fatigue resistance in air than Hastelloy Alloy X at 538° and 
760°C (1000° and 1400°F) but the difference was relatively small at 760°C (1400°F), 
especially at the lowest axial strain range. Fatigue resistance of the Hastelloy 
Alloy X exceeded that of the Type 347 stainless steel in air at 871°C (1600°F). 
Except at the lowest axial strain range, the fatigi esistance of the Hastelloy 
Alloy X increased with Increasing temperature, while in all cases the fatigue 
resistance decreased with increasing temperature for the Type 347 stainless steel. 

The increased ductility (see fig. 19) and good oxidation resistance of the 
Hastelloy Alloy X at higher temperatures enhanced that material's low-cycle fatigue 
resistance at increasing temperatures for the two higher strain ranges where total 
test times were relatively short. At the lowest strain range, both ductility and 
strength became Important and total test times increased; thus, the minimum fatigue 
resistance was observed at 760° C (1400°F) and the maximum was at 528° C (1000" F). 

In contrast, higher temperatures in air Increased the susceptibility of the Type 
347 stainless steel to oxidation, which caused a reduction in high temperature 
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TABLE Vril, - SUMMARY OP’ L[,ASriC AND [NEUSILC M>OPE AND TN'IERCEPT VALUES 
EOR CONTINUOUS CYCLING FAI'IGUE TES'lS ON TYPE 347 STAINLESS 
STEEL AND HAS'IELLOY ALLOY X IN AIR AND HYDROGEN CAS 


Temperature , 
° C (° F ) 

Material 

Heat 

Slope 

L 

-'"n 

Intercept | 

1 

L 


E las t i c 
b 

I ne las tic 

L " 

Elastic 

B 

Inelastic 

A 

L_ 


Continuous cycling fatigue 

tests in air 


538 (1000) 

Type 347 
Stainless Steel 

A 

-0.20 

-0.66 

1.44 X 10'^ 

1.15 X 10° 

760 (1400) 

Type 347 
Stainless Steel 

A,B,C 

-0.15 

-0.77 

7.13 X 10'^ 

1.66 X 10° 

871 (1600) 

Type 347 
Stainless Steel 

A 

-0.074 

-0.95 

2.76 X 10“^ 

3.03 X 10° 

538 (1000) 

Has telloy 
Alloy X 

D 

-0.15 

-3.57 

1.55 X lO”'” 

3.90 X 10~^ 

760 (1400) 

Has telloy 
Alloy X 

D.E 

-0.093 

-0.71 

8.80 X 10~^ 

8.55 X 10"^ 

871 (1600) 

Hastelloy 
Alloy X 

D 

-0.11 

-0.80 

6.25 X 10"^ 

1.93 X 10° 


Continuous cycling fatigue tests in hydrogen gas 


538 

(1000) 

Type 347 
Stainless Steel 

760 

(1400) 

Type 347 
Stainless Steel 

871 

(1600) 

Type 347 
Stainless Steel 

538 

(1000) 

Hastelloy 
Alloy X 

760 

(140C) 

Hastelloy 
Alloy X 

871 

(1600) 

Hastelloy 
Alloy X 





- 0.10 

- 0.12 


-0. 56 
-0.55 
-0.59 

1.41 X 10"^ 
1.20x 10'^ 
1.40 X 10‘° 

7.11 X 10" 
6.43 X 10’ 
8.54 X 10" 

-0.80 

-0.72 

-0.79 

5.51 X 10"° 
5. 19 X 10"° 
6.15 X lO' * 

2.29 X 10° 
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fatigue resistance. This point was lurther subs tai. t lat eel hv tlio 

con’.parative fatigue performance of the two alloys at different temperatures 
in an oxidation-inhibiting hvdrogen ^’;as environment, as discussed subsequently 
in this report. 

The continuous cycling data generated in hydrogen gas for Type 347 stain- 
le ss steel and Hastelloy Alloy X are illustrated in figures 34 through 36, and 
tables B3 through B8 of Appendix B contain the corresponding tabular data. 

Figure 34 shows fatigue curves for all 5 heats of material at 538 C (1000^ F) 
in hydrogen gas. Each plot displays total, elastic and inelastic axial strain 
values as a function of specimen fatigue life. A mean curve is drawn through the 
total axial strain range data and straight line approximations to the elastic and 
Inelastic axial strain range data are also shown. As for the data in air, these 
curves were approximated by the Manson-Cof f in and Basquin relc^tions with the 
coefficients and exponents listed in table VIII. Similar data displays are given 
in Figures 35 and 36 for the continuous cycling fatigue data generated in hydro- 
gen gas at 760 and 871‘^C f 1400 and IbOCF), respectively. 

Figures 37(a), (b), and (c) are composite plots of total axial strain range 
versus fatigue life for the temperatures of 538, 760, and 871”C (1000, 1400 and 
1600®F) , respectively. Each of these figures was compiled from the average 
fatigue life curves shown in the previous three figures (figs. 34, 35, and 
36) so that direct comparisons between the 2 materials and 5 heats could be made. 

In figure 37(a), it can be seen that no large di<"ferences in fatigue life 
occurred among or between heats of the same alloy at the 538°C (1000°F) temp- 
erature, but large differences in fatigue life developed between the two alloys. 
The difference is especially apparent at the 5.0 strain range, where the Type 
347 stainless steel displayed fatigue lives almost twice those of Hastelloy Alloy 
X. This trend was related to the lower ductility of Hastelloy Alloy X at 
538®C (1000®F) [see fig. 19(b)], since ductility is a primary factor in 
fatigue resistance at large strain ranges. 

As at 538®C (lOOO^F), the Type 347 stainless steel material shoved little 
heat-to-heet variation at 760®C (1400®F) [see fig. 37(b)]. 

In contrast, heat E of Hastelloy Alloy X exhibited significantly lower 
fatigue lives than heat D at the 5,0 percent total axial strain range. How- 
ever, this trend was not observed at the 3.0 percent strain range and was only 
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strain Range, Ac Strom Ronge, Ac Strom Ronj^e, 
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La. 


Fotigue Life, N^, cycles 

(a) Type 347 stainless steel. 
Heat A 


Fatigue Life, N^, cycles 

(b) Type 347 stainless steel 
Heat B 




Fatigue Life, Ni, cycles 

(c) Type 347 stainless steel. 
Heat C 


Fatigue Life, N^, cycles 
(d) Hastelloy Alloy X, Heat D 



-o — Total strain range 

□ — — - Inelastic strain range 

— Elastic strain range 


Fotigue Life, N^, cycles 
(e) Hastelloy Alloy X, Heat E 


Figure 34. - Fatigue life as a function of strain range for Type 347 
stainless steel and Hastelloy Alloy X in hydrogen gas at 538° C 
(1000°F) and at a strain rate of 10”^ sec"^ . 
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(a) Type 347 stainless steel, 
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(b) Type 347 stainless steel, 
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Heat C 
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(a) Hastelloy Alloy X, Heat *D 
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(e) Hastelloy Alloy X, Heat E 
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Figure 35. *” .atigue life as a function of strain range for Type 347 stain- 
less steel and Hastelloy Alloy X in hydrogen gas at 760^C (1400^F) and ^ 

at a strain rate of 10“^ sec^^ . 
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(a) Type 347 stainless steel, 
Heat A 



Fotigue Life, N^, cycles 

(c) Type 347 stainless steel. 
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(b) Type 347 stainless steel, 
Heat B 
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Fatigue Life, Nj. cycles 
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Fatigue Life, N^, cycles 
(e) Hastelloy Alloy X, Heat E 
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Figure 36. - Fatigue life as a function of strain range for Type 347 
stainless steel and Hastelloy Alloy X In hvdrogen gas at 871 C 
(ISOO'^F) and at a strain rate of lOT^ sec"* . 
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Heot A (X-IISS:) 

Heat B (G56I7) 

Heat C (G4943) 

Heal D (2610-0-4007) 

Heat E (2610-0-4008) 



Fatigue Life, Nj, cycles 

(a) 536 '=’€ (1000°F't 



Fotigue Life, Nj, cycles 

(b) 760°C (1400°F> 


Fatigue Life, N,, cycles 

(c) 87VC (1600°F) 

Figure 37. — Fatigue life versus total strain range for Type 347 
stainless steel and Hastelloy Alloy X in hydrogen gas at 
elevated temperature and at strain rate of 10"^ sec"^ . 



slightly evident at the 1,5 percent strain range. This heat-to-heat varia- 
tion in fatigue life was related to the difference in true fracture ductility 
of the two heats. The true fracture ductility of the heat D material was higher 
than that of the heat E material; hence, the material with greater ductility 
showed better fatigue resistance at high strain ranges. This behavior is in 
contrast to that at 538°C (1000°F) where the two heats of Hastelloy Alloy X 
had similar true fracture ductilities, and as a result, the fatigue lives of 
the two heats were almost identical. 

As figure 37(c) illustrates, there was minimal heat-to-heat variation in 
fatigue life for Hastelloy Alloy X at Syi'^C (1600T). However, the Type 347 
stainless steel displayed a slight heat-to-heat difference in fatigue life 
at the lowest strain range (1.5 percent). Specimens from heat B had longer 
lives than specimens from both heats C and A. Specimens from heat C displayed 
the shortest fatigue lives for this alloy at 871®C (1600°F). 

The overall trend for all 5 heats of material was toward longer fatigue 
lives at the intermediate temperature (especially at lower strain ranges). 

One significant exception to these trends, however, was the low strain range 
data collection at 538®C (lOOO^F), which displayed the longest lives of all 
specimens tested for both materials. This trend is explained by the fact that 
both materials maintained from 65 to 85 percent of their room-temperature 
strength at 538°C (1000°F), and that at the lowest strain range, strength 
as well as ductility played an important role in determining fatigue resistance. 

The average trends in hydrogen gas fatigue life for each material (after 
combining data from different heats, where reasonable) are shown in figure 38. 
Only for Hastelloy Alloy X at 761°C (1400®F) was it necessary to draw separate 
average lines; in all other cases, heat-to-heat variations in fatigue life 
were not significant in comparison to data scatter for a single heat. 

The laboratory air data are also shown in figure 38. In all cases, the 
laboratory air test conditions resulted in slightly reduced average fatigue 
lives from those obtained in hydrogen gas. 

After it was determined that tests conducted at the intermediate tempera- 
ture of 760°C (1400®F) resulted in the lowest fatigue lives of the 3 temperatures 
initially tested, additional experiments were completed on the Type 347 stainless 
steel (heat A) at temperatures between 538^C (lOOO^F) and 760^C (1400^F) to 


I 


65 



Total Strain Range, Totol Stroin Range, A« 




WAVsV* v»*^ 


REPR<'!;‘> n 
ORIGL\V.L . .. 



Fatigue Life, Nj, cycles 
(a) Type 347 stainless steel. 



10 ' 10 ® 10 ’ 10 * 

Fatigue Life, Nf, cycles 


(b) Haste Hoy Alloy X. 


Figure 38. ~ Comparison of fatigue life In air with that In hydrogen gas 
at 538, 760, and 871° C (1000, 1400, and 1600^F) and at a strain rate 
of 10"^ sec"^ . 
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determine the approximate temperature which would produce minimum fatigue lives. 
The results of those experiments are presented in comparison with previous 
results in figure 39. The corresponding Individual data are given in table 69 
of Appendix B. All of these additional experiments were in hydrogen gas at 
the same axial strain rate (1(T^ sec~^ ) that was used before. As figure 39 
illustrates, the temperature of 704® C (1300°F) resulted in minimum average 
fatigue life values over the temperature range of 538® C (1000® F) to 871® C 
(1600®F). The average fatigue life data for the Type 347 stainless steel 
(heat A) tests conducted in air are also shown. The difference between fatigue 
lives in hydrogen gas and air was relatively slight at temperatures below 
approximately 760®C (140(fF), with the average air data falling approximately 
10 to 20 percent below the hydrogen gas data in fatigue life. The difference 
became very significant at the highest temperature of 871®C (1600®F), however, 
where results generated In air were highly Influenced by oxidation and fatigue 
lives were less than one-fourth of the average fatigue life in the oxidation- 
inhibiting hydrogen gas environment. Data in air reported by Berling and Slot 
(ref. 4) and Baldwin (ref. 2) are also shown in figure 39; close agreement with 
present results is apparent at all temperatures where data are available. 

Hold-time cycling. - The limited number of hold- time experiments were designed 
to be exploratory in nature. Only heat A of Type 347 stainless steel and heat D 
of Hastelloy X were included in thl* work. Test conditions were selected to 
simulate the worst case expected in service — lO-minute hold periods at peak 
compressive strain. Hold-time studies of other austenitic alloys (Types 304 
and 316 stainless steel and Alloy 800) in air (for example, see refs. 12 through 
17) have shown that fatigue life decreases with increasing length of hold time 
and that tension hold periods are much more damaging than compressive ones. 
However, for the intended application to rocket engine nozzles, it was antic- 
ipated that only compressive hold periods of less than 10 minutes would be 
encountered; thus, no other types and lengths of hold periods that might be more 
damaging were investigated in this program. 

The hold-time fatigue results are summarized in table BIO of Appendix B. 

Ten of the 15 hold-time experiments were on heat A at 760® C (1400®F); all three 
strain ranges - 1.5, 3.0, and 5.0 percent - were investigated at this tempera- 
ture. In addition, there were three experiments on heat A at 871® C (1600®F) 
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Temperature, ®F 



Temperature, ®C 


Figure 39. - Fatigue life as a function of temperature for Type 347 
stainless steel at 3 percent total axial strain range. 

Note. — * Data from Berling and Slot (ref. 7 
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and at 3.0 percent strain range and two experiments on heat D at 3,0 percent 
strain range and at 760 and 871®C (1400 and 1600^F), Average fatigue life 
and stress range data from comparable hold-time and continuous cycling data 
are compared in table 3X, In general, the effect of compressive hold time 
was to slightly increase the fatigue life and stress range of Typ^ 347 stain- 
less steel and to slightly decrease the fatigue life and slightly increase the 
stress range of Hastelloy Alloy X. These trends are discussed in more detail 
later in this report. 

The detailed tabulations of hold-time data in table BIO of Appendix B 
include two values of elastic strain range, and (see fig. 10), 

Using the concepts of strain range partitioning (ref, 17), the difference 
between Ae^^ and Ae^^^ Is equal to the plastic-strain reversed by creep-strain 
range, Ac^^. In other words. 


The remainder or balanced portion of the inelastic strain range, Ac^^, was 

the sum of the reversed plastic strain range, Ae , and the reversed creep 

PP 

strain range, Ac^^, or simply stated 


* A€^^ + Ae^^ 

in pc pp cc 


Unfortunately, experiments were not conducted in such a manner that the rela- 
tive amounts of and could be determined. Information developed by 

Halford, et al (ref. 18) on Type 316 stainless steel In air indicates that 
for the strain rate (lO""® sec^ ) used In this study, the balanced part of the 
Inelastic strain range would probably be 100 percent Le at 871*C (1600*F), 
about 25 to 75; percent Ac at temperatures between 649 and 760*C (1200 and 

CC 

1400°F) , and about 0 percent Ae at temperatures below 593”C (1100‘F). Thus, 
the continuous cycling fatigue curves presented previously contain varying 
proportions of As as a function of temperature. 

CC 

Hold-time effects on Type 347 stainless steel: Results of the hold time 

tests on the Type 347 stainless steel at 760 and 871‘C (1400 and 1600*F) 
are compared with corresponding continuous cycling data In figures 40 and 41, 
respectively. The results showed a definite trend of slightly improved fatigue 



TABLE IX. - CtMPARISON OF AVERAGE FATIGUE LIFE AND STRESS RANGE VALUES FR(»1 COMPRESSIVE 
HOLD-TIME TESTS WITH THOSE FR(»1 CONTINUOUS CYCLING TESTS OF TYPE 347 
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Figure 40. ~ Comparison of continuous cycling and 10»minute 
compressive hold time fatigue data for heat A of Type 347 
stainless steel in hydrogen gas at 760*C (1400*F) and at an 
axial strain rate of 10”® sec”^ . 
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strain Range 


Series A 


Total strain range 


Inelastic strain range 


Elastic strain range 





Notes: 


1. Solid points > 10 min, maximum strain 
(compression), hold time test data. 

2. Open points s no hold time test data. 



Fatigue Life, Nf, cycles 


Figure 41. — Comperleon of continuous cycling and 10-mlnute compressive 
hold time fatigue data for heat A of Type 347 stainless steel in_ 
hydrogen gas at 871*C (1600*F) and at an axial strain rate of 10*^ 


72 








r 


I 


resistance with hold time (solid points) as compared to without hold time 

(open points) at 760“C (1400*F), but no significant effect of hold time at 

871*C (1600*F), The Improvement at 760®C (1400®F) was slightly larger at the 

two lower strain ranges than at the highest one. 

These trends are qualitatively In agreement with the behavior of Typ'^ 316 

stainless steel In air at 704“C (1300®F) reported by Manson, et al (ref, 17), 

where Lt , Ac , and Ac curves fell close to one another with the Ac 

cc pc pp cc 

curve falling slightly below the Ae curve and diverging from It with Increas- 

pc 

Ing fatigue life. Thus, If In the present case, the continuous cycling data 

are oredomlnantly of the Ae^^ type, then addition of a ACp^ type of component 

would be beneficial to fatigue resistance. Furthermore, close Inspection of 

the data at 760“C (1400'*F) In table BIO of Appendix B shows that the value of 

ACpg ^^*ed~^*el^ relatively constant at a value of about 0,12, regardless 

of total strain range. Therefore, It was a larger portion of Ac^^ at low 

strain ranges than at high strain ranges. At 871*’C (1600‘F), Ac was only 

pc 

about 0.08 percent or less and was thus only about 3 percent of the value of 
ACfn* More exact, quantitative correlations using the strain range partition* 
Ing approach were not possible because of the lack of relevant and appropriate 
data. 

To Investigate possible reasons why the Ac^^ type of cycle was more dele- 
terlous than the ACp^ type, limited fractographlc and metallographlc studies 
were conducted. The results are discussed later In this report. 

Hold-time effects on Hastelloy Alloy X: Since only two hold-time tests 

were conducted on Hastelloy Alloy X, the data were not plotted as were those 
for the Type 347 stainless steel. The cyclic lives of 148 and 429 are slightly 
below the average values of 240 and 520 for corresponding continuous cycling 
tests at 760 and 871*C (1400 and 1600*F), respectively. However, both specimens 
failed by development of a cyclic deformation Instability that resulted In 
necking In the specimen test section rather than by fatigue cracking. Both 
Coffin (ref. 19) and Sheffler (ref. 20) have noted that such Instabilities are 
more likely to develop In the absence of severe envlroiunental degradation for 
fatigue experiments on Type 304 stainless steel In high vacuum at temperatures 
of 815 and 649*C (1500 and 1200*F), respectively. The stress range at N^/2 
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for the ho Id- time tests was about 12 percent greater at 7f)0^C (14P^°F) and about 
19 percent greater at 871*^0 (1600 F) than that for comparable (same Ac^) 
continuous cycling tests. The relation of this increased stress range to the 
cyclic instability cannot be explained on the basis of this limited experimental 
study of hold-time fatigue of Histelloy Alloy X. Further, hold-time experiments 
were not carried out on this alloy because it was concluded that the fatigue 
resistance of the Type 347 stainless steel was better than that of the Hastelloy 
Alloy X under the particular conditions of this study. 

Fractographic and metallographic studies 
of failed Type 347 stainless steel specimens 


The fracture and microstructural characteristics of specimens of Type 347 
stainless steel tested with a compressive hold time of 10 minutes during cycling 
were compared to those tested under conditions of continuous cycling. This work 
was limited to specimens of heat A that were tested at 760° C (1400°F). Fracto- 
graphic studies were made on the specimens fatigue tested at strain ranges of 
1.5, 3.0, and 5.0 percent. In addition, metallographic studies were conducted 
on polished and etched sections of a specimen tested at 1.5 percent strain range 
with no hold time, as well as one with a 10-mlnute hold period in compression. 


Fractotraphic examinations. - The fracture surfaces were examined using a 
binocular microscope at magnifications up to 90X. In addition, the surfaces 
of the specimens adjacent to the fatigue failures were exairlned for evidence of 
secondary cracking and upset. 

All fracture surfaces exhibited some discoloration (oxidation). In some 
specimens, the « *^gree of oxidation was considerably greater. In all cases, 
the fracture surfaces contained more oxidation than did the machined surfaces. 
This vas to be expected, however, since freshly cracked stainless steel surfaces 
are more active than machined surfaces on which a thin protective oxide has been 
allowed to form in air at room temperature. 

Specimens without compression hold; The amount of oxidation increased 
with decreasing strain range; i.e., the specimens tested at 1.5 percent strain 
range oxidized over a larger area ot the fracture surface than those tested at 
3.0 or 5.0 percent strain range. This suggested that the fatigue cracks 
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propagated slower and that cracks or fissures were exposed to the environment 
for a longer period of time prior to final rupture In the low strain-range 
specimens. 

Secondary tearing, after the primary fracture phase, at the sides of the 
specimens appeared to be greatest In the specimens strained 3.0 percent on each 
cycle. These specimens showed considerably more secondary tears than the 
specimens strained 5.0 percent on each cycle. The specimens tested with 1.5 
percent axial strain range exhibited somewhat erratic results — two specimens 
had no secondary tears, while the other two had about the same number of secon- 
dary tears as those tested at 3.0 percent strain range. 

All specimens tested without a compression hold period during cycling had 
multiple origins on the fracture surfaces and the fatigue cracks appeared to 
propagate uniformly from these origins. 

Specimens with compression hold: All specimens tested with a 10-mlnute 

compressicp hold exhibited some upset immediately adjacent to the fracture. 
However, the amount of upset decreased with Increased strain, i.e., the 
specimens tested at 1.5 percent strain range exhibited considerably more 
upset than the specimens tested at 3.0 or 5.0 percent. 

The fracture surfaces of all specimens exhibited some discoloration 
(oxidation) rnd, as was the case with the speclme'^s tested without a hold 
time, the amount of oxidation decreased with Increasing strain range. 

Tn contrast to the specimens tested with no hold time, the fracture 
surfaces of the hold-time specimens exhibited only one or two major crack 
propagation paths. Although several points of initiation may have formed, 
only one or two propagated. In addition, the hold-time specimens showed far 
less secondary cracking or tearing than the no hold. time specimens. 

Principal fractographic results: The principal finding of the frecto- 

graphic examination was that the no-hold speclt..ens had several points of 
rr- 'k Initiation which propagated In a fairly uniform manner. The hold 
specimens also had several local areas rf crack Initiation, but only one or 
two of these propagated. The hold specimens exhibited upset at the sides 
of thr specimens a short distance from the fracture ..urface; the no-hold 
specimens did not. 

Metsllographlc examinations . -Metallographlc studies of polished and 
etched sections were made on two specimens (A18 and A49). Both specimens 
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had been tested at a total axial strain range of 1.5 percent, the former with 
no hold time and the latter with a 10-minute hold period in compression on 
each cycle. 

Specimen without compression hold: The microstructure of a longitud- 

inal section through the fracture of the no-hold specimen is shown in 
figure 42(a). It was noted that some holes (or voids) existed near the 
fracture surface, and that some strain lines were faintly evident. The 
nature of the fracture could not be ascertained because of the fine grain 
size; i.e., it could not be determined from the metallographic section if 
the principal fracture was transgranular or intergranular. Careful examina- 
tion suggested that material existed in these voids. It is believed that 
thip material was an oxide or inclusion, and that the voids formed in or 
adjacent to an inclusion and opened up during cycling. Similar voids are 
often observed in tensile creep rupture test specimens chat have entered 
third-stage creep. It was also noted that the strain lines are rather 
aligned and straight. 

The microstructure of a longitudinal section well removed [about 6.35 mm 
(0,25 inch)] from the fracture is shown in figure 42(b). Strain and voids 
were not evident. 

The microstructure of a secondary crack is shown in figure 42(c). This 
secondary crack was predominantly interg'.:anular. 

Specimen with compression hold: The microstructure of a longitudinal 

section through the fracture is shown in figure 43(a). Again, it could not 
be determined from the metallographic section if the failure was intergranular 
or transgranular. Some voids were observed; however, they were much smaller 
than in the no-hold specimen. Although strain was evident, there was no 
direct, .ality to the strain lines and the general microstructure was dis- 
torted in all directions. 

The microstructure about 6*35 mm (0.25 inch) from the fracture is shown 
in figure 43(b). The structure is similar to that of the no-hold specimen, 
shown in figure 42(b). Although not shown by means of photomicrographs, 
the hold specimen contained little evidence of secondary tears. The one or 
two secondary cracks observed were only about 0.1 mm (0.004 inch) deep and 
appeared to be predominantly intergranular. 
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(b) 


Longitudinal section through the fracture. 
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Glyceregia Etch IGOIO 

Longitudinal section through specimen about 
6.35 nun (0.25 in.) from fracture. 


Figure 42. — Photomicrographs of specimen A18 tested under 
continuous strain cycling at 1.5 percent total axial 
strain range and in hydrogen gas at 760°C (1400°F). 
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« 250X Glyceregia Etch 1G012 

(c) Longitudinal section through secondary 
rupture . 


Figure 42 


(Continued) 




2 sox Glyceregia Etch 1G108 

&4 Longitudinal section through the fracture^ 
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lOOX 


Glyceregia Etch 1G109 


b. Longitudinal section through s,jecimen about 
6.35 mm (0.25 in.) from fracture. 


Figure 43. - Photomicrographs of specimen A49 tested at 1.5 percent 
range with a 10«tninute compressive hold time and in hydrogen gas 


total axial strain 
at 760^C (1400**F). 
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Principal metallographic results: The metal lographic examination 

revealed that both the hold and no-hold specimens contained some grain- 
boundary voids adjacent to the fracture. The no-hold specimens had much 
larger voids, which appeared to have formed at inclusions. In the no-hold 
specimens, strain was better defined and directionally oriented. In the hold 
specimens, strain had no directional orientation. 

Summary of fractographic and metallographic studies .— The metallographic 
examinations were too brief to fully substantiate the above findings. How- 
ever, the observations did indicate that there were both microstructural 
and fractographic differences in specimens tested without a hold time in 
compression and with a 10-minute hold in compression. The variation in 
the size of the voids adjacent to the fracture indicated that the compression 
hold tended to inhibit void formation or close voids that were formed by 
tensile creep strain in the material. This may explain the improved fatigue 
resistance of the specimens tested with a 10-minute hold time at maximum 
compressive strain. 


CONCLUSIONS 

In this investigation, the low-cycle-fatigue characteristics of 3 heats 
of Type 347 stainless steel and 2 heats of Hastelloy Alloy X were evaluated in 
both hydrogen gas and air at temperatures from 538 to 871*^C (1000 to 1600°F) 
and at total axial strain ranges of 1.5, 3.0, and 5.0 percent. The approximate 
range in fatigue life for all conditions was from 100 to 2000 cycles. The 
following conclusions were made: 

(1) In hydrogen gas 

(a) The cyclic stress-strain behavior of both materials at 
538°C (1000°F) was characterized by appreciable cyclic 
hardening at all strain ranges. At 760°C (1400^F), 

Type 347 stainless steel was almost stable (showed little 
cyclic hardening) and Hastelloy Alloy X still exhibited 
considerable cyclic hardening, especially at the 5.0 per- 
cent total axial strain range. At 871°C (1600°F), neither 
material hardened significantly; in fact, for Type 347 
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stainless steel at 5.0 percent axial strain range, there 
was continuous cyclic softening until failure. 

(b) The fatigue resistance of Type 347 stainless steel mate- 
rial was somewhat higher than that of Hastelloy Alley X 
at all temperatures between 538 and 871°C (1000 and 
1600°F) and all total axial strain ranges between 1.5 
and 5.0 percent. 

(c) The lowest fatigue resistance of the Type 347 stainless 
steel occurred between 704 and 760®C (1300 and 140CfF). 

The Hastelloy Alloy X displayed the lowest fatigue resis- 
tance at 538°C (1000°F) for the 3.0 and 5.0 percent axial 
strain range and at 760°C (1400°F) for the 1.5 percent 
axial strain range. 

(d) Little heat-to-heat variation in fatigue resistance was 
observed for either material at any specific condition, 
except for the Hastelloy Alloy X at 760°C (1400®F), where 
heat D exhibited greater fatigue resistance than heat E. 

(e) In comparison with continuous cycling, the 10-minute 
compressive hold time experiments at 760 and 871°C 
(1400 and 1600° F) resulted in increased fatigue lives 
for Type 347 stainless steel and decreased fatigue lives 
for Hastelloy Alloy X. The hold-time effects on fatigue 
life were qualitatively explained by strain-range parti- 
tioning. The stress relaxat'on behavior of both materials 
was also analytically described by an exponential decay 
function. 

(f) Fractographic and metallographic studies Indicated that 
both hold-time and continuous -eye ling specimens developed 
some grain boundary voids near fracture. The size of 
these voids Indicated, however, that compressive hold times 
tended to Inhibit the growth of voids or caused some to 
close . 

(2) In air 

(a) The data generated in this study compared closely with 
other data in the literature on similar austenitic 
alloys. 
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(b) Both alloys showed slightly lower fatigue resistance in air 
than in hydrogen gas for temperatures up to 760°C (1400°F). 

(c) The fatigue resistance of the Type 347 stainless steel in 
air was considerably below that in hydrogen gas at 871° C 
(1600° F), due to oxidation. The Hastelloy Alloy X, which 
was not appreciably affected by oxidation, showed somewhat 
better fatigue resistance at 871°C (1600°F) than at 760°C 
(1400°F). 

(d) The Type 347 stainless steel was slightly higher than the 
Hastelloy Alloy X in fatigue resistance at 538 and 760° C 
(1000 and 1400° F) but lower at 871°C (1600°F). 

RECOmENDATIONS 


On the basis of findings in this study, several areas warrant further 
investigation. They are, in an approximate order of increasing complexity 
and involvement, 

(a) Additional experimentation at different strain rates to 

develop Ac and Ae^^^-N^ bounds on the high- temperature 

continuous-cycling life characteristics of both alloys. This 
work would involve slower strain rates at 538°C (1000°F), 
both slower and faster strain rates at 760^0 (1400°F), and 
faster strain rates at 871°C (1600°F). These results would 
also indicate the sensitivity of these relationships to 
temperature. 

Experiments with longer hold times in both ait and hydrogen 
gas are needed to make the Information pertinent for other 
service applications, such as reactor components. 


(b) 

(c) 

(d) 

(e) 

(f) 
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Laboratory assessment of the severity of (tension strain 

or load holds) loading cycles in hydrogen gas. 

Laboratory assessment of both and ACp^ types of load cycles 

In air. 

Further work on lower strain range, high-cycle fatigue where 
Hastelloy Alloy X should have superior fatigue resistance to 
Type 347 stainless steel because of its superior strength. 
Component testing to evaluate the effect of multlaxial stress- 
strain conditions on the high-temperature fatigue resistance 
of both alloys. 


{ 

i 



K* 



APPENDIX A 


CYCLICALLY STABLE (AT Nj/2) STRESS RELAXATION DATA 
FROM COMPRESSIVE HOLD-TIME TESTS 
OF TYPE 347 STAINLESS STEEL (HEAT A) 

AND HASTE LLOY ALLOY X (HEAT D) 

IN HYDROGEN GAS 
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Specimen A43 
at 760“C (1400'F) 
and " A. 97 



Compressive 

Time, 

stress 

! level 

min 

MN/m® 

ksi 

0 

259 . 

37.7 

0.025 

232 

33.7 

0.050 

212 

30.8 

0.075 

202 

29.3 

0.10 

195 

28.3 

0.20 

178 

25.8 

0,40 

161 

23.3 

1.0 

140 

20.3 

2.0 

123 

17.9 

4.0 

110 

15.9 

6.0 

103 

14.9 

8.0 

99.3 

14.4 

10.0 

95.8 

13.9 


Specimen A48 
at 760*C (1400*F) 
and ■ 4.97 


Time, 

min 


0 

0,025 

0,050 

0,10 

0,20 

0,40 

0,80 

1.0 

2.0 

4.0 

6.0 
8.0 

10,0 


ksi 


37.0 

31.5 

30.0 
28.0 
26.0 

24.0 

22.0 

21.5 
20.0 
18.0 

17.5 
17.0 

16.5 


Specimen A44 

Specimen A50 

at 760“C (1400“F) 

at 760®C (1400^F) 

and Ac. “ 4.97 

and Ae. • 3.06 


Time, 

min 


ressi 
Rs le 


203 

165 

144 

130 

120 

100 

95.8 

82.7 


68.7 
68.7 
68.7 
- 68.7 


ksi 


29.4 

23.9 

20.9 


18.9 

17.4 

14.5 

13.9 
12.0 
10.0 
10.0 
10.0 
10.0 


Time, 

min 


0 

0,05 

0.10 

0.20 

0.40 

0.70 

1.0 

2.0 

4.0 

6.0 
8.0 

10.0 


Compressive 
stress level 


ksi 


240 34,9 

184 26.7 

172 24.9 

168 
148 
137 
130 
110 
95.8 
93.1 


88.9 

86.2 
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Specimen A51 
at 760^C (1400"F) 
and =■ 3.06 



1 Compressive 

Time, 

stress 

level 

min 

MN/m^ 

ksi 

0 

235 

34.1 

0.05 

200 

29.1 

0.10 

183 

26.6 

0.20 

169 

24.5 

0.40 

155 

22.5 

0.70 

145 

21.0 

1.0 

138 

20.0 

2.0 

124 

18.0 

4.0 

110 

16.0 

6.0 

103 

15.0 

8.0 

100 

14,3 

10.0 

99.0 

14,3 


Spocimen A46 
at 760^C (1400®F) 
and » 3,06 


Time, 

min 

Compressive 
stress level 
MN/m® ksi 

0 

225 

32.6 

0.25 

145 

21.0 

0.50 

121 

17.6 

1.0 

110 

16.0 

2.0 

93.8 

13.6 

3.0 

84.1 

12.2 

5.0 

77.2 

11.2 

7.0 

71.7 

10.4 

9.0 

67.6 

9.80 

10.0 

66.1 

9.60 


Specimen ^^7 
at 760®C (1400“F) 
and Ae^ » 1-54 


Time, 

min 

Compressive 
stress level 
MN/m® 1 ksi 

0 

199 

?8.9 

0.025 

174 

25.3 

0.050 

165 

24.0 

0.10 

147 

21.4 

0.20 

136 

19.8 

0.40 

123 

17.8 

0.70 

113 

16.4 

l.O 

109 

15.8 

2.0 

93.8 

13.6 

4.0 

88.3 

12.8 

6.0 

85.5 

12.4 

8.0 

80.0 

11.6 

10.0 

7 %. 5 

10.8 


Specimen A45 
at 760^0 (UOO^^F) 
and Ac^ ■ 1.54 



Compressive I 

Time, 

stress 

level 

min 

MN/rr? 

ksi 

0 

217 

31.5 

0.025 

196 

28.4 

0.05 

181 

26.2 

0.10 

171 

24.8 

0.20 

159 

23.0 

0.40 

139 

20.2 

0.70 

130 

18.8 

1.0 

122 

17.7 

2.0 

107 

15.5 

4.0 

94.5 

13.7 

6.0 

89.0 

12.9 

8.0 

84.8 

12.3 

10.0 

80.7 

11.7 






































APPENDIX B 


CONTINUOUS CYCLING AND HOLD-TIME FATIGUE DATA FOR 
TYPE 347 STAINLESS STEEL AND HASTELLOY ALLOY X 
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TABLE Bl. - SUMMARY OF CONTINUOUS CYCLING FATIGUE DATA 
FOR TYPE 347 STAINIESS STEEL IN AIR AND 
AT AN AXIAL STRAIN RATE OF 10"® SECT^ 


Specimen 

Temperature, 
»C (*F) 

Total 

axial 

strain 

range, 

A«t 

Axial strain range 
at N^/2, percent 

Stress range 
at N^/2, Act 

Fatigue life, 
cycles 

Inelastic, 

^"in 

Elastic, 

Afie 

MN/m® 

ksl 

No 

Ns 


A67 


4.94 

4.42 

0.52 

821 

119 

136 

13b 

142 

A68 

538 (1000) 

2.97 

2.52 

0.45 

696 

101 

298 

301 

304 

A73 


1.54 

1.19 

0.35 

574 

83.2 

905 

912 

925 

A69 


1.53 

1.18 

0.35 

568 

82.4 

1129 

1146 

1170 

C2 


4.92 

4.54 

0.38 

446 

64.7 

81 

88 

95 

A4 


5.10 

4.73 

0.37 

461 

66.8 

60 

78 

96 

Bl 


5.11 

4.77 

0.34 

487 

70.6 

80 

87 

118 

B7 


3.32 

2.99 

0.33 

438 

63.5 

120 

140 

195 

Cl 


2.64 

2.42 

0.22 

352 

51.1 

137 

167 

197 

A3 


3.09 

2.80 

0.29 

418 

60.6 

125 

135 

200 

A5 

760 (1400) 

2.59 

2.35 

0.24 

331 

48.0 

148 

177 

217 

B3 


3.31 

2.99 

0.32 

421 

61.0 

140 

157 

219 

B2 


3.09 

2.81 

0.28 

390 

56.5 

130 

141 

233 

B9 


1.63 

1.35 

0.28 

367 

53.2 

280 

310 

477 

B8 


1.64 

1.34 

0.30 

376 

54.5 

300 

330 

485 

C4 


1.64 

1.32 

0.29 

355 

51.5 

400 

420 

591 

A2 


1.57 

1.29 

0.28 

431 

62.5 

430 

465 

655 

A70 


4.90 

4.69 

0.21 

245 

35.5 

46 

65 

87 

A7l 

871 (1600) 

2.98 

2.79 

0.19 

236 

34.3 

98 

107 

134 

A72 


1.53 

1.34 

0.19 

227 

32.9 

286 

288 

292 

A74 

1 

1.54 

1.36 

0.18 

232 

33.7 

— 

— 

329 
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r TABLE B2. - SUMMARY OF CONTINUOUS CYCLING FATIGUE DATA FOR 

K HASTELLOY ALLOY X IN AIR AND AT AN AXIAL STRAIN 

V RATE OF 10"® SEC"^ 

S- 


Specimen 

Temperature, 
°C (“F) 

Total 

axial 

strain 

range. 

Axial strain range 
at N^/2, percent 

Stress range 
at N^/2, At 

Fatigue life 
cycles 

f 

Inelastic, 

Elastic, 

Aee 

MN/m^ 

ksi 


Mb 


D53 


5.05 

4.22 

0 C3 

1680 

243 

44 

48 

49 

D54 

538 (1000) 

3.05 

2.27 

0.78 

1520 

221 

96 

104 




3.24 

2.38 

0,86 

1480 

214 

129 

131 




1.50 

0.89 

0.61 

1120 

162 

676 

710 

754 



1.50 

0.93 

0.57 

1100 

160 

682 

721 

760 

El 


5.23 

4.63 

m 

938 


56 

59 

62 

D1 


5.22 

4.58 


972 

■^1 

70 

81 

90 

E2 


3.22 

2.62 


855 

124 

116 

118 

128 

D3 

760 (1400) 

3.47 

2.83 

WmM 

882 

128 

125 

131 

156 

D2 


3.18 

2.65 


855 

124 

145 

157 

184 

E5 


1.66 

1.19 

0.47 

752 

109 

363 

365 

387 

E3 


1.69 

1.14 

0.55 

862 

125 

370 

415 

470 

D4 


1.66 

1.14 

0.52 

724 

105 

420 

441 

540 

D50 


5.02 

4.64 

0.38 

476 

69.0 

98 

100 

120 

D52 


3.03 

2.68 

0.35 

466 

67.6 

192 

200 

206 

D51 

871 (1600) 


1.21 

0.34 

445 

64.5 

MW 

MM 

506 

D57 


m 

1.26 

0.28 

405 

58.8 

575 

577 

595 


I 

I 

t 

REPRO^L'JiU'LiTY OF TJIF ' I 

ORIGINAL PAGE IS POOR 
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TABLE B3.-SU^!MARY OF CONTINUOUS CYCLING FATIGUE DATA FOR TYPE 347 STAINLESS 
STEEL IN HYDROGEN GAS AT 538° C (1000°F) AND AT AN AXIAL STRAIN 
RATE OF 10“® SEC"^ 


Specimen 


Total 

axial 

strain 

range, 



4.94 

A21 

4.92 


4.94 

B21 

4.92 

C15 

4.93 

C16 

4.93 

A25 

4.97 

A22 

4.89 

C17 

4.92 

A26 

2.92 

B26 

2.91 

C22 

2.95 

B2S 

2.92 

C19 

2.91 

C21 

2.92 

A27^**^ 

2.92 

A28 

2.96 

B27 

2.89 

C14 

1.50 

B22 

1.48 

A20 

1.49 

B23 

1.38 

C20 

1.49 

A24 

1.48 

A23 

1.46 

CIS 

1,47 

B20 

1.39 


Axial strain range 
at N^/2, percent 


Inelastic, I Elastic, 




Stress range Fatigue life, 
at N^/2, Aa cycles 


ksi 


120 

121 125 

141 — 

147 148 

153 153 

156 157 

166 167 

165 168 

171 172 

288 293 

307 320 

331 332 

336 337 

361 364 

367 373 


86.8 1303 

88.5 1555 
88.0 1812 

84.5 1840 

86.7 1810 
84.5 1949 

86.2 2238 

81.2 2425 
82.0 2495 


(a) The values of and Ng are not defined for these because the load 
continued to Increase until failure occurred. 

(b) The value of is not reported because the tensile load did not 
drop off 5 percent before failure. 












TABLE B4. 


—SUMMARY OF CONTINUOUS CYCLING FATIGUE DATA FOR HASTELLOY ALLOY X IN 
HYDROGEN GAS AT 538° C (1000°F) AND AN AXIAL STRAIN RATE OF 10 SEC 



(a) The values of and N, are nol defined for those because the load 
continued to Increase un il failure occurred. 

(b) The value of N, Is not rep Ttod bec.ause tlie tensile load did not 
drop off 5 percent before failuri-. 
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TABLE B5. -SUMMARY OF CONTINUOUS CYCLING FATIGUE DATA FOR TYPE 347 
STAINLESS STEEL IN HYDROGEN GAS AT 760° C (1400° F) AND 
AT AXIAL STRAIN RATE OF 10 ■* SEC"^ 


B12 

..(b) 


Total 
axial 
strain 
rani;i’ , 


^Xxial strain range 
at N^/2, percent 




Stress range 
at N^/2, /\r 


Elastic , 

MN/m 


0.34 

472 

0.36 

452 

0.33 

500 

0.34 

473 

0.33 

500 

0.33 

485 

0.34 

472 

0.37 

52/ 

0.32 

452 

0.30 

452 

0.31 

459 

0.35 

459 

0.32 

390 

0.36 

439 

0.32 

413 

0.32 

445 

0.30 

376 

0.31 

396 

0.30 

360 

0.31 

424 

0 . 2 s 

378 

0.32 

397 

0.25 

368 

0.30 

378 

0.29 

348 

0.29 

397 

0.26 

363 

0.27 



Fatigue 1 Ife ^ 
cycles 



104 105 

103 108 113 

111 113 119 

128 128 135 

123 127 150 

150 155 162 

160 160 168 

182 185 191 







(a) Values of and N 5 are not reported because before failure occurred , the 
load began to Increase • 

(b) These speciaens were tested in the **Nix Ox" catalyst purified hydrogen 
atmosphere; all others were tested in a palladium catalyst purified 
hydrogen atmosphere • 



















^•«.‘n^ \vAWV* 


TABLE B6. -SUMMARY OF CONTINUOUS CYCLING FATIGUE uATA FOR HASTELLOY ALLOY X IN HYDRO- 
GEN GAS AT 760° C (1400° F) AND AN AXIAL STfAIN RATE OF 10"® SEC"^ 


Spec imen 



.\xial strain ran 40 
at percent 


Stress ran^c 
at 1- 


Inelastic, 

* c 

Flast Ic , 

MN/m' 

" in 

” e 



Fatigue life, 
eye lt*s 



E8 

E6 

E7 <"> 

D14 

D5 


D16W 

E16 

D15 

DIO 

£10 

E17 

D9 

Ell 

E9 

E14^*^^ 

E12 

Dll 

D8 

D12 

EIS 

D13 


201 

227 223 

228 227 

235 232 

250 247 

265 255 

252 251 

255 230 


109 577 

106 

109 685 

105 833 

108 880 

107 915 

97.5 860 


577 573 


685 675 
833 825 
880 875 
915 912 


97.5 860 840 

96.7 895 880 


(a) These specimens were tested In a ”Nlx Ox** catalyst purified hydrogen atmosphere; 
all others were tested In a palladium catalyst purified hydrogen atmosphere, 

(b) The value of K^* is not reported because the tensile load did not drop off 5 per- 
cent before failure occurred. 

(c) Values of and Ng are not reported because before failure occurred, the load 
began to Increase. 


REPKo ' • 
original 












TABLE B7. -SUMMARY OF CONTINUOUS CYCLING FATIGUE DATA FOR TYPE 347 STAINLESS 
STEEL IN HYDROGEN GAS AT 871®C (1600°F) AND AT AN AXIAL STRAIN 
RATE OF 10"® SEC'^ 



800 1650 
1200 1600 
2100 2200 
1400 1750 


(a) Values of Ng arc not r^p ^i ted because anomolles In the load versus 

cycles record m^ke their dot^rmlaatlon ambiguous* 

(b) Hydrogen gas was purified using a copper chip drier and Che specimen surface 
was similar Co that obtained using a palladium-catalyst purifier* 


























! 

Spccinion 

TptM 
ay. i a 1 
strain 
ran , 

‘ r 

t 

j 

E39 

5.27 

D44 

5.19 

E34 

5.01 

DAI ! 

5.01 

E35 

A. 97 

E38 

A. 96 

D45 

4.95 

DAO 

A. 96 

E42 

3. 34 

E40 

o 

o 

036 

3.00 

039 

3.00 

E36 

3.00 

037 

2.95 

E33 

2.96 

047 

2.96 

E41 

1.65 

043 

1.49 

DSS'"' 

1.53 

042 

1.59 

E3A‘"^ 

1.52 

E37 

1.53 

D46 

1.51 

E32 

1.51 

D38 

1.48 


A- ial strain ran^o 

at '-j- ' ^ ’ O'/rLont 


lnL‘laslic, 1 Mastic 



Stress 

A- 

r in :e 

i'atieue lif 
cve U-H 

^ » 

AN 

ksi 

N. 


A 


64.0^f' — 

63.0 I 300 


64.8 I 450 

57. 4<"' - 

60.0 1000 

63.1 700 

.. ,(a) 



(a) Values of and are not reported because anomolies in the load versus 
cycles record make their determination ambiguous. 

(b) Hydrogen gas was purified using a copper chip drier and the specimen surface 
was similar to that obtained using a palladium-catalyst purifier. 

(c) Specimen was covered with green oxide in test section because of a mal- 
function in the hydrogen gas purification system. 
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TABLE B9. - SUMMARY OF CONTINUOUS CYCLING FATIGUE DATA FOR 
TYPE 347 STAINLESS STEEL IN HYDROGEN GAS AT 593, 
649, AND 704 “C (1100, 1200, AND 1300“F) AND AT 
AXIAL STRAIN RATE OF 10-®sec"^ 



Temperature, 
*C (*F) 

Total 

axial 

strain 

range. 


3.04 

593 (1100) 

3.04 


3.02 


2.97 


2.99 


2.98 


2.99 

649 (1200) 

1.51 


1.54 


1.52 


IBI 

704 (1300) 

■I9 


3.04 


at N-/2, percent 


at N^/2 ,Act 


Inelastic, 

Ae,_ 


Elastic, 

Ae_ 




690 
703 
696 101 


625 90.7 

610 88.5 


538 78 

591 85 

496 72 


Fatigue life, 
cycles 

% 

Ns 


308 

317 

327 

332 

339 

349 

367 

383 

400 

205 

235 

264 

— 

— 

274 

244 

257 

281 

346 

363 

381 

1602 

1603 

1605 

1693 

1704 

1735 

1701 

1732 

1745 

177 

177 

178 

232 

263 

266 

269 
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TABLE BIO. - SUMMARY OF FATIGUE DATA FOR TYPE 347 STAINLESS STEEL AND 
HaSTELLOY ALLOY X IN HYDROGEN GAS AT 760 and 871 ®C (1400 
and 1600 “F) WITH A 10-MINUTE COMPRESSIVE-STRAIN HOLD TIME 
AND AT AN AXIAL STPJ^IN RATE OF 10”^ SEC-^ 


Specimen 

Temperature, 
“C (“F) 

Total 

axial 

strain 

range, 



Axial strain range 
at N^/2, percent 

Stress range 
at N^/2, AC7 

Fatigue 

cycle 

life, 

s 


Elastic 


1r o 

lZU 

M 

- *r> 

1 


“‘in 

Kd 


Type 347 stainless steel 

A43 


4,85 

4.64 

0.32 

0.21 

507 

73.5 

114 

124 

136 

A48 


5.02 

4.75 

0.39 

0.27 

490 

71.0 

103 

106 

137 

A44 


5.04 

4.82 

0.34 

0.22 

436 

63.2 

122 

150 

156 

ASO 


3.08 

2.85 

0.36 

0.23 

487 

70.6 

274 

275 

279 

A51 

760 (1400) 

3.01 

2.76 

0.36 

0.25 

470 

68.2 

311 

317 

322 

A46 


3.08 

2.87 

0.32 

0.21 

458 

66.4 

mm 

— 

475 

A47 


1.58 

1.37 

0.33 

0.21 

420 

60.9 

711 

725 

746 

AA5 


1.58 

1.36 

0.32 

0.22 

423 

61,4 

789 

805 

842 

A49 


1.55 

1.33 

0.34 

0.22 

443 

64.2 

837 

845 

939 

A42 


1.45 

1.24 

0.28 

0.21 

396 

57.4 

885 

905 

975 

A52 


3.06 

2.88 

0.19 

0.18 

243 

35.3 

B 

B 

456 

A63 

871 (1600) 

2.98 

2.88 

0.18 

0.10 

221 

32.1 



506 

A53 


3.00 

2.86 

0.20 

0.14 

246* 

35.7 

B 

B 


Hastelloy alloy X 

048 

70 (1400) 

3.05 

2.67 

0.63 

0.38 

931 

139 

111 

130 

148" 

D49 

871 (1600) 

3.08 

2.91 

0.36 

0.17 

525 

76.2 

B 

B 

;»129" 


^Strain rate vaa accidentally too low; c ■ 3.4 x 10*^ aec~^. 

^Equlpnent oialfunction resulted in damage to specimen and discontinuation of experiment. 
However, examination of the failed specimens indicated that substantial cracking had 
taken place; thus, the number of cycles was believed to be close to Nf. 

^Specimen failed due to development cyclic deformation instability of necking in 
teat section. 
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